Plasmepsins (PMs) are pepsin-like aspartic proteases present in different species of parasite Plasmodium. Four Plasmodium spp. (P. vivax, P. ovale, P. malariae, and the most lethal P. falciparum) are mainly responsible for causing human malaria that affects millions worldwide. Due to the complexity and rate of parasite mutation coupled with regional variations, and the emergence of P. falciparum strains which are resistant to antimalarial agents such as chloroquine and sulfadoxine/pyrimethamine, there is constant pressure to find new and lasting chemotherapeutic drug therapies. Since many proteases represent therapeutic targets and PMs have been shown to play an important role in the survival of parasite, these enzymes have recently been identified as promising targets for the development of novel antimalarial drugs. The genome of P. falciparum encodes 10 PMs (PMI, PMII, PMIV-X and histo-aspartic protease (HAP)), 4 of which (PMI, PMII, PMIV and HAP) reside within the food vacuole, are directly involved in degradation of human hemoglobin, and share 50-79% amino acid sequence identity. This review focuses on structural studies of only these four enzymes, including their orthologs in other Plasmodium spp.. Almost all original crystallographic studies were performed with PMII, but more recent work on PMIV, PMI, and HAP resulted in a more complete picture of the structure-function relationship of vacuolar PMs. Many structures of inhibitor complexes of vacuolar plasmepsins, as well as their zymogens, have been reported in the last 15 years. Information gained by such studies will be helpful for the development of better inhibitors that could become a new class of potent antimalarial drugs. This article is part of a Special Issue entitled: Proteolysis 50 years after the discovery of lysosome.
Introduction
Malaria is the most prevalent human disease caused by infection by a parasite. It is estimated that 300-500 million people become ill every year, and 1-3 million of them die, mostly pregnant women and children [1, 2] . The causative agents of malaria are various species of Plasmodium, with P. falciparum, P. vivax, P. ovale, and P. malariae being principally responsible for malaria in humans. The deadliest form of malaria is caused by P. falciparum. In recent years, some human cases of malaria have also been reported to result from infection by P. knowlesi, a parasite that infects monkeys in certain forested areas of Southeast Asia [3] . The parasites spread to people through the bites of female Anopheles mosquitoes. Several drugs are available for treating malaria [4] , with sulfadoxine-pyrimethamine and artemisinin-based combinations [5] most commonly used in current medical practice. However, recent reports show that the number of deaths of malaria patients has increased because of development of drug resistance of P. falciparum and P. vivax [4] ; multidrug-resistant strains of P. falciparum are now emerging in several parts of the world. Because of the rapid development of resistance to the current antimalarial drugs, discovery of their new, potent, and long-lasting replacements has become essential.
During its erythrocytic growth phase, the parasite degrades most of the host cell hemoglobin [4, 6, 7] and utilizes the amino acids obtained through this mechanism for biosynthesis of its own proteins [8] , also reducing the colloid-osmotic pressure within the host cell to prevent its premature lysis [9] . The degradation process that takes place in the food vacuole of the parasite [6] involves a number of plasmepsins (PMs), enzymes belonging to the pepsin family of aspartic proteases [2, 10] . These enzymes were initially called hemoglobinases [11] , but the current name has been in common use since 1994 [12] . The total number of plasmepsins varies between different Plasmodium strains, with 10 PMs identified in the genome of P. falciparum [10] . Only four of them, PMI, PII, PMIV and histo-aspartic protease (HAP), reside in the acidic food vacuole and are presumed to be involved in hemoglobin degradation [2] , whereas the other plasmepsins most likely play different roles [13, 14] . In this review, the name "plasmepsin" will refer to only the vacuolar enzymes, unless specifically stated otherwise. Vacuolar PMs are highly homologous, sharing 50-79% amino acid sequence identity [15] . Due to their important role in providing nutrients for the rapidly growing parasites, these enzymes have been identified as promising targets for the development of novel antimalarial drugs [4] . Indeed, inhibitors of aspartic proteases have been shown to exhibit potent antiparasitic activity [11, [16] [17] [18] [19] . Nevertheless, it is still controversial whether inhibition of vacuolar plasmepsins is responsible for the biological effects of such inhibitors, since knockout studies showed that these four plasmepsins have overlapping roles in hemoglobin degradation [7] . Additionally, it has been shown that even deletion of all vacuolar PMs does not fully remove the sensitivity of the parasites to inhibitors of pepsin-like enzymes [20] . Some of these questions might only be answered if more structural and biological data for different PMs would become available.
As mentioned above, plasmepsins are pepsin-like aspartic proteases [21] [22] [23] [24] . A molecule of a typical pepsin-like aspartic protease usually consists of a single polypeptide chain folded into two structurally similar domains. The active site is located in the cleft formed by these two domains [21] , with each domain contributing a single catalytic aspartic acid residue (Asp32 and Asp215; pepsin numbering will be used consistently throughout this review) [25] . The side chains of the two aspartates and a water molecule found in the apoenzymes in their vicinity are generally coplanar and their inner carboxyl oxygens are located within hydrogen bond distance from each other. Another characteristic structural feature of this family of aspartic proteases is the presence in the N-terminal domain of a β-hairpin loop, known as "flap" [21, 22] . The flap covers the active site [22] and plays an important role during catalysis. A variety of biochemical and structural studies have been done in order to elucidate the catalytic mechanism of these enzymes [22] . Although some details of the mechanism are still debatable, it is generally agreed that one aspartic acid acts as a catalytic base and the other one as a catalytic acid, activating the water molecule located between the aspartates [21, 22, 25, 26] . It is likely that Asp215 is responsible for the initial activation of the water molecule, generating the nucleophile which attacks the amide carbon of the substrate. The tetrahedral intermediate thus generated accepts a proton from Asp32 and forms the products [21, 27] . PMI, PII, and PMIV all contain these two catalytic aspartic acid residues and utilize the same catalytic mechanism [28] [29] [30] . In contrast, Asp32 is replaced by His32 in HAP, indicating that the catalytic mechanism of this enzyme must differ [2, 15, 31, 32] , but its details are not yet clarified. Recently solved crystal structures of HAP [15] disproved the previously proposed hypothesis that HAP is serine protease with aspartic protease fold [32] , whereas they neither confirmed nor disproved the results of computational studies that postulated Asp215 to be the sole residue directly involved in catalytic mechanism of HAP, with His32 playing only a supporting role [31] .
PMII has been the subject of by far the largest number of structural studies, most likely because it was the easiest one to crystallize (Table 1) . Several structures of PMIV have also been reported in the last decade, whereas structures of PMI and HAP became available only relatively recently. Taken together, the available structural data provide insights into similarities and differences found among vacuolar plasmepsins and may provide guidance for creation of potent new inhibitors of this family of enzymes.
Primary structure of plasmepsins
Although four vacuolar plasmepsins (PMI, PMII, HAP, and PMIV) have been identified in P. falciparum, other infectious strains of the parasite contain only a single plasmepsin in their food vacuole, an ortholog of PMIV [33] . Similarly to many other proteases, plasmepsins are synthesized as inactive zymogens (proplasmepsins), which contain N-terminal prosegments that are removed during maturation [34] . The zymogen forms of PMI, PMII, HAP, and PMIV contain 452, 453, 451, and 449 amino acid residues, respectively ( Fig. 1) [33, [35] [36] [37] [38] . The prosegments are generally longer in vacuolar proplasmepsins than in other eukaryotic aspartic proteases, in which they are only up to~50 amino acids long [21, 34] . By contrast, prosegments of PMI, PMII, HAP, and PMIV consist of 123, 124, 123, and 121 amino acid residues, respectively. These four plasmepsins exhibit~63% sequence identity but are only~35% homologous to mammalian enzymes renin and cathepsin D [36] . Sequence similarity among pepsin-like proteases does not extend to their prosegments ( Fig. 1) [35] , which are homologous within subfamilies such as vacuolar plasmepsins, but not throughout the whole family. Prosegments of vacuolar plasmepsins contain 21 amino acids (39p-59p) which form a transmembrane helix [35] characteristic of type II membrane proteins; this helix provides an anchor to the membrane [36] . Prosegments of other plasmepsins (V-X) differ in their lengths and primary structures. Cleavage of prosegements from the zymogens produces soluble active plamepsins with molecular weight of around 37 kDa [7, 36] . The mature forms of plasmepsins are slightly longer than other eukaryotic aspartic proteases which are~327 amino acids long. Similar to other pepsin-like aspartic proteases, signature sequences Asp32-Thr33-Gly34-Ser35 and Asp215-Ser216-Gly217-Thr218 are present in the N-and C-terminal domains, respectively, of PMI, PMII, and PMIV (Fig. 1) . However, HAP is a unique plasmepsin since the catalytic Asp32 in the N-terminal domain is replaced by histidine, and Gly34 and Gly217 are replaced by alanines. In addition, other substitutions are also found in the functionally important flap (residues 70-83), with the most important one being the replacement of the catalytically important Tyr75 by Ser (Fig. 1) .
Structural features of plasmepsins

The fold of plasmepsin molecules
The first crystal structures of the members of the plasmepsin family were those of PMII, and the number of structures available for this enzyme still surpasses the combined number of structures of the three other vacuolar plasmepsins. The first crystal structure of PMII was published in 1996 [39] , followed by a series of high resolution structures of the apoenzyme as well as of complexes with various inhibitors ( Table 1 ). The first structure of PMIV ortholog from P. vivax was determined in 1999 [40] and of P. falciparum PMIV several years later [29] . Although the biochemical properties of HAP [2, 41] and of PMI [2, 42, 43] have been subject to extensive investigations, crystal structures of these two enzymes were solved only very recently [15, 44] , due to significant difficulties in preparing sufficient amounts of recombinant forms of these proteins. These problems were finally overcome through introduction of unique expression constructs that yielded soluble and active PMI [45] and HAP [37] , suitable for crystallographic studies. Table 1 provides a summary of all structures of vacuolar plasmepsins that are currently (April 2011) deposited in the Protein Data Bank (PDB).
A comparison of the structures of these four plasmepsins, in the apo-and complex forms, shows them to be very similar. The overall fold of PMs is the same as of other eukaryotic aspartic proteases [21] , examples of which include porcine pepsin [46] , endothiapepsin [47] , chymosin [48] , renin [49] , and cathepsin D [50] . Fig. 1 compares the sequences of proplasmepsins from different Plasmodium spp. with the sequence of porcine pepsinogen. The secondary structure elements as seen in the structure of proPMII [35] are also marked as an example, since the secondary structure of all vacuolar plasmepsins is very similar, consisting of mainly β sheets and only a few short α helices. A schematic diagram showing the threedimensional structure of the mature form of PMII is shown in Fig. 2A . The molecule is bilobal, with two topologically similar N-and Cterminal domains related by a pseudo-twofold rotation axis [15, 29, 38, 44] . The substrate-binding cleft which is located between the two domains contains the catalytic residues, Asp32 and Asp215. The amino and carboxyl ends of the polypeptide chain of each PMII domain are assembled into a characteristic six-stranded β-sheet which serves to suture the domains together [22] . The N-terminal domain contains a β-hairpin flexible loop, known as flap, which covers the substrate-binding cleft. The flap is usually found in an open conformation in apoenzymes and in closed conformation in the complexes with inhibitors, similar to the conformations assumed in other pepsin-like aspartic proteases [21, 22] . The only exceptions among vacuolar plasmepsins are provided by the structures of PMII complexed with an achiral inhibitor [51] and by HAP complexed with KNI-10006 [15] . In these two structures the flaps assume an open conformation despite the presence of inhibitor molecule(s) bound to the enzymes. Because of its flexibility, a complete flap or its part are not visible in some of the reported crystal structures of plasmepsins [35, 44] .
Vacuolar plasmepsins contain two disulfide bonds, linking together Cys45 with Cys50 and Cys249 with Cys282. The C-terminal disulfide linkage is conserved not only among plasmepsins, but also among all other eukaryotic aspartic proteases [21, 39] . The N-terminal disulfide linkage, on the other hand, is also found in mammalian enzymes [22] , but not in enzymes from some other organisms, such as fungi. The two loops in the C-terminal domain consisting of residues 238-245 and 276-283 are flexible and assume a variety of different conformations in the plasmepsin structures [15, 29, 38] .
Plasmepsins create dimers and higher oligomers
Several biochemical and crystallographic studies have attempted to analyze the oligomeric forms of plasmepsins [52, 53] , but the significance of oligomerization of these enzymes, if any, has not been fully established as yet. It has been shown that monomeric forms of the enzymes are responsible for their activity [52] . Since creation of crystal lattices always involves intermolecular interactions, it is not always easy to determine whether the oligomeric states observed in the crystals are meaningful or not. With that kept in mind, the existence of both crystallographic as well as non-crystallographic dimers of all four vacuolar plasmepsins has been reported [15, 29, 38, 44] . The buried surface area in these dimers ranges from as low as only 609 Å 2 (PMIV, 2ANL) to as much as 3789 Å 2 (HAP, 3QVI).
The dimeric structures of apo-HAP and HAP-KNI-10395 complex are unique among all plasmepsins. The apoenzyme of HAP was found to make in the crystal a tight dimer (Fig. 2B ) involving very close contacts of the C-terminal domains, whereas the N-terminal domains are pointing away from each other [15] . Because of formation of the dimer, the C-terminal helix (residues 225-235) and the loop (residues 238-245) are displaced from their position usually seen in pepsin-like aspartic proteases. As a result of formation of this tight dimer, the loop consisting of residues 276-283 of the second molecule is inserted into the putative active site of the first molecule. A zinc ion present in the active site is tetrahedrally coordinated by His32 and Asp215 from one molecule, Glu278A located in the intruding loop of the other molecule and by a water molecule [15] . Two hydrophobic residues from the same loop, Ile279A and Phe279B, are packed inside a hydrophobic pocket by Phe109A, Ile80, Met104, Ile107, and Val120 of the other molecule [15] . Although HAP is not a metalloprotease, the coordination of the Zn 2+ ion in the active site is similar to that observed in some metalloproteases, such as DppA (D-aminopeptidase, 1HI9) [54] . The flap is found in an open conformation. Crystals of the HAP-KNI-10395 complex contain two tight domain-swapped dimers (A-B and C-D), related by a local 2-fold axis ( Fig. 2C ) (PDB ID 3QVI; Bhaumik et al., unpublished). As in the apoenzyme, the helix containing residues 225-235 and the following loop composed of residues 238-245 are displaced and the C-terminal loop consisting of residues 276-283 of one molecule is packed in the active site of the other molecule. The most interesting feature of this HAP dimer is swapping of the N-terminal β-strand (residues 0-9) of the enzyme (Fig. 2C ). The first β-strand of one monomer forms a part of an antiparallel β-sheet in the other one, forming a number of hydrogen bonds with residues 164-167. The surface area buried upon formation of the domain-swapped dimer in this complex is 3789 Å 2 , calculated for each monomer. Domain swapping has not been reported for other plasmepsins (or, for that matter, any other aspartic proteases).
Proplasmepsin structures
Similar to other eukaryotic aspartic proteases, plasmepsins are synthesized as inactive zymogens that must be enzymatically processed in order to remove their prosegment fragments, thus generating active enzymes [55] . The mechanisms of activation of proplasmepsins in vitro and in vivo are different. In vivo, the processing occurs within the conserved sequence: (Y/H)LG*(S/N)XXD [56] . Initially it was proposed that inside the acidic food vacuole of the parasite, proPMI and proPMII are activated by a maturase, likely a cysteine protease, in a process that requires acidic pH [36] . Later Banerjee et al. [56] proposed that, in vivo, proplasmepsins are processed in the acidic condition with similar kinetics by a novel convertase which is not inhibited by a general cysteine protease inhibitor. In vitro, the autoactivation of recombinant proPMII takes place at pH 4.7 by autolysis at the Phe112p-Leu113p bond, 12 residues upstream of the wild type N terminus [35] . It is also important to note that the location of the cleavage site of the recombinant PMII varies depending on the conditions used [42] . It has been reported that in vitro autoactivation of recombinant HAP takes place at Lys119p-Ser120p, four residues upstream of the native cleavage site (Gly123p-Ser-1) [57] . Xiao et al. [45] have also reported that the autoactivation of recombinant PMI takes place in the acidic conditions (pH = 4.5-5.5) at Leu116p-Thr117p, seven residues upstream from the native cleavage site, whereas Liu et al. reported an additional cleavage between Phe111p and Phe112p [58] . P. vivax PM (which exhibits the highest sequence identity with P. falciparum PMIV) undergoes autocatalytic activation under acidic conditions at Tyr121p-Leu122p, two residues upstream from the native cleavage site.
Crystal structures of truncated zymogens of PMII, HAP, and pvPMIV have been determined [35, 40] . Since part of the prosegment is normally attached to the membrane and thus making zymogens not amenable to crystallization as soluble proteins, only the last 48 residues of the prosegment were present in the expressed constructs. These studies enabled unambiguous interpretation of the structural features responsible for the lack of enzymatic activity of the proplasmepsins, as well as elucidated their mechanism of activation. The three available structures of proplasmepsins show almost identical mode of interactions between the prosegment and the fragments corresponding to the mature enzyme. Interactions with the prosegment introduce large shifts in the position of the N-and C-terminal domains of the enzyme compared to its mature form. The prosegments of plasmepsin zymogens have a clearly defined secondary structure (Fig. 3A) , consisting of a β-strand (80p-87p) followed by an α-helix (89p-99p), a helical turn, a second α-helix (103p-113p), and a coil connection to the mature segment. The pro-mature junction containing residues 120p to 1 is not visible in the structure of HAP zymogen because of lack of the corresponding electron density. The prosegment forms a number of hydrogen bonds and hydrophobic interactions with the parts of the molecule that corresponds to mature plasmepsin [35, 40] . The pro-mature junction (Gly-Ser/Asn), is present in a "Tyr-Asp" tight β-loop which is positioned in a constrained conformation by several hydrogen bonded interactions (Fig. 3B) [35, 40] . A sequence comparison (Fig. 1) shows that both residues responsible for forming the "Tyr-Asp" loop are conserved in all plasmepsin zymogens except for proPMI, where tyrosine is replaced by histidine. Asp2, which is present at the center of the hydrogen bonding network, maintains the structure of "Tyr-Asp" loop. The first 13-14 residues of the mature plasmepsin polypeptide fold mainly in a random coil, with the exception of a single 3 10 helical turn. This one turn helix is present at one side of the active site cleft. Two important hydrogen bonded interactions conserved in all three zymogen structures are present in this first segment of the mature enzyme. The prosegment is rich in positively charged residues, which help to stabilize proplasmepsins at neutral pH [35] .
A comparison of the structures of proplasmepsins with those of gastric protease zymogens, porcine pepsinogen A [59] and human progastricsin [60] , indicates a significant difference in the mode of inhibition of the catalytic activity [35] . In the zymogens of gastric proteases, the active site cleft is inaccessible to the substrates, being blocked by the prosegment [61] , but no similar blockage is seen in proplasmepsins. In all three structures the mechanism of inhibition involves physical separation of the domains, preventing creation of the fully formed active sites [40] . It has been shown that the Fig. 1 . Structure-based sequence alignment of proplasmepsins from different human malaria parasites with porcine pepsinogen. The Plasmodium spp. in this alignment are P. falciparum (pf), P. vivax (pv), P. ovale (po), P. malariae (pm), and P. knowlesi (pk). The alignment was performed with ClustalW [82] and the secondary structure was plotted using ESPript [83] . Similar residues identified by ESPript (global score = 0.5) are shown in red letters and identical residues are highlighted by red background. The secondary structural elements as seen in the structure of the zymogen form of pfPMII (1PFZ) are drawn above the sequences. The catalytic residues are marked by stars. The disulfide links are identified as green numbers below the corresponding cysteine residues. The in vivo cleavage site of the prosegment is shown by a red triangle. prosegment of proplasmepsins associates with the C-terminal domain of the protein, and together with the mature N terminus forms a "harness" that keeps the two active site aspartates apart (Fig. 3C ) [35] . An autoactivation mechanism of plasmepsins under acidic conditions has been proposed based on the results of structural studies [35, 40] . Several key salt bridges and a hydrogen bonding network involving Asp or Glu residues are disrupted at low pH due to protonation of Asp2 of the conserved "Tyr-Asp" loop, resulting in disruption of the hydrogen bonds made by its side chain [35] . As a result, the "Tyr-Asp" loop opens up and the length of the prosegment increases by five residues, preventing it from keeping the two domains separated. The loss of several key hydrogen bonds and salt bridges leads to dissociation of the prosegment helices from the C-terminal domain and thus allows the molecule to assume the final active conformation [35] .
Catalytic residues and their environment
Since vacuolar plasmepsins are typical pepsin-like aspartic proteases [21] , their active sites resemble those of other members of the family (except for HAP with its unique active site). Structures of plasmepsins with bound peptidic inhibitors delineate the substrate-binding sites located in the large cleft formed between the N-and C-terminal domains of the protein [29, 38, 44] . Residues directly responsible for the catalytic activity of plasmepsins are Asp32 and Asp215 (Fig. 1) [2] . These two residues are located on the two quasi-symmetric ψ loops [28, 40, 62] . The main chains of the aspartates are involved in the "fireman's grip" [21, 63] hydrogen bonding pattern (Fig. 4A) . The side chains of these two active site residues also interact with the adjacent Ser35, Gly34, Gly217, and Thr218. With a single exception, the carboxylate groups of the two catalytic aspartates are nearly exactly coplanar in all published structures [40] . However, re-refinement of the originally deposited structure of the uncomplexed PMII (1LF4) in which the carboxylates were originally reported as coplanar resulted in a model (3F9Q) in which the plane of the carboxylate group of Asp215 is rotated by 66 o from its original position [64] . The significance of this observation is still not clear.
The active sites of the apoenzymes contain a water molecule which is bound in between the two aspartates [29, 44] . This water molecule is activated by the aspartates during the catalytic process and serves as a nucleophile. Sequence alignment shows (Fig. 1) that vacuolar plasmepsins have a serine in position 216, whereas in other eukaryotic aspartic proteases the equivalent residue is often threonine [21] . Crystal structures of PMI, II and IV show that this substitution does not affect the architecture of the active site and that the same hydrogen bonding pattern is maintained. The other important residues in the active site region are Tyr75 and Trp39. In a majority of the structures of PMI, II and IV complexed with inhibitors the flap is in a closed conformation and the side chain of Tyr75 forms a hydrogen bond with the side chain of Trp39 [29, 38, 44] . This hydrogen bonded interaction is important for the catalytic activity of PM I, II and IV, the enzymes that utilize the catalytic mechanism common to pepsin-like aspartic proteases [21, 22, 63, 65] .
In HAP, the catalytic Asp32 in the N-terminal domain is replaced by His32 [15] ; several other substitutions of the functionally important residues are found in the flap area. Importantly, the conserved Tyr75 and Val/Gly76 have been replaced in HAP by Ser and Lys, respectively [15] . Some features of the active sites of the dimeric apoenzyme form of HAP are unique, with each of them containing a tightly bound Zn 2+ cation. The ion is tetrahedrally coordinated by the side chains of His32 and Asp215 from one monomer, Glu278A from the other monomer, and a water molecule [15] (Fig. 4B) . 
Inhibitors of plasmepsins
General features
The inhibitors used for structural studies of plasmepsins are mechanism based [4] ; thus, a brief summary of the catalytic mechanism of plasmepsins (other than HAP) is in order. Crystal structures of plasmepsins complexed with peptidic inhibitors indicate that a peptide substrate binds to the active site in an extended conformation [15, 29] . Similar to the convention utilized for other proteases [66] , the substrate residues (P1-Pn/P1′-Pn′) and the corresponding binding sites (S1-Sn/S1′-Sn′) in the plasmepsin active sites are denoted based on their positions relative to the scissile amide linkage. From the biochemical [2] and structural studies [29, 38, 44, 67] it is clear that PMs utilize the same catalytic mechanism as other aspartic proteases. The water molecule that is activated by the active site aspartates in order to attack the peptide bond of the substrate is seen in the structures of the apoenzymes of PMI and PMII [29, 44] . Nucleophilic attack by the activated water molecule creates a tetrahedral intermediate which is further protonated, leading to the break of the peptide bond and creation of the products. Despite both structural [15] and computational [31] studies of HAP, its catalytic mechanism is not yet sufficiently clear.
Most inhibitors of plasmepsins are transition-state analogs containing non-cleavable inserts such as reduced amides, statines, hydroxyethylamines, norstatines, dihydroxyethylenes, phosphinates, or difluoroketones [4] . Several approaches have been used to identify potent inhibitors of plasmepsins. Inhibitors of cathepsin D, renin, and HIV-1 PR have been tested for their ability to inhibit plasmepsins, and some of them were also specifically modified for that purpose [39, 42] . In particular, the KNI compounds which were initially created in order to inhibit HIV-1 PR, but later shown to be active also against HTLV-1 PR [68] , have also been shown to inhibit PMII [69] . The core of many KNI compounds is made of an α-hydroxy-β-amino acid derivative, allophenylnorstatine, which contains a hydroxymethylcarbonyl isostere [41] . One of these inhibitors, KNI-10006, was shown to have broad specificity for plasmepsins, inhibiting PMI, II, HAP and IV [41] . Chemical structures of the inhibitors reported to date in crystallographic studies of plasmepsins are shown in Table 2 . The chemical nature and other properties of plasmepsin inhibitors have been previously reviewed in detail [4] and will not be repeated here.
Inhibitor binding to PMII
Binding of inhibitors to the PMII active site has been reviewed previously [4] , with the exception of a recently published structure (2R9B) of a complex with a peptidomimetic inhibitor [58] . Some of the structures are available only in the form of PDB deposits and have not been analyzed in detail in primary literature (Table 1) . Although several more specific inhibitors of plasmepsins have been utilized, pepstatin A has been used in the majority of the structural studies (Table 1) . Pepstatin A, a universal aspartic protease inhibitor, was shown to inhibit hemoglobin degradation by the extract of digestive vacuole of P. falciparum [70] . Since inhibition studies on the recombinant PMII showed that pepstatin A is a picomolar (K i = 0.006 nM) inhibitor for this enzyme [39] , this inhibitor was used in the initial crystallographic studies [39] . Several crystal structures of this one and other plasmepsins complexed with pepstatin A and its analogs have been subsequently determined (Table 1) . Pepstatin A binds in the active site of PMII in an extended conformation [29, 39] . The central hydroxyl group of the inhibitor is inserted in between the carboxylate groups of Asp32 and Asp215. The side chains of Ser77, Tyr189, and Ser219, as well as the main chains of Gly34, Asn74, Val76, Ser77, Gly217, and Ser219 form several hydrogen bonded interactions with pepstatin A (Fig. 5A and Table 3 ). The binding modes of pepstatin A analogs (Table 1; structures 1XE5, 1XE6, 1W6I, 1ME6) in the PMII active site are similar to the mode seen in the PMII-pepstatin A complexes.
The structure of PMII complexed with a statine-based inhibitor containing bulky substituents at positions P1 (p-bromobenzoyloxy) and P3 (Pyridyl) (1W6H) has been described [4] . In this complex, the P1 group is bound in the S1-S3 pocket, making hydrophobic contacts with the side chains of Phe109A and Thr111. The side chain of Phe109A has changed its conformation to provide the stacking interaction to p-bromobenzoyloxy group of the inhibitor. Crystal structures of PMII complexed with other inhibitors with bulky substitutions at different substrate-binding pockets have also been determined (Table 1; structures 2R9B, 1LF2, 1LF3, 1LEE) [28, 29, 58] . In the complex 2R9B, the catalytic water molecule is visible because of the absence of the central hydroxyl group in the inhibitor [58] . The N-terminal part of the inhibitor is solvent exposed and the C-terminal phenylalanine group makes hydrophobic interactions with Pro292 from other subunit. In the 
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(continued on next page) PMII complexes 2R9B, 1LF2, 1LF3, and 1LEE the active site is much wider compared to the PMII-pepstatin A/pepstatin A analog complex structures. In these structures the flap and the loop Leu292-Pro297 were displaced from their positions to create more space in the active site. In the PMII-EH58 complex structure, the loop Ile238-Tyr245 assumes a different conformation and Phe242 is involved in hydrophobic interactions with the inhibitor in another subunit [29] . A high resolution crystal structure of PMII complexed with a potent achiral inhibitor containing a 4-aminopiperidine group (2BJU) has been determined [51] . The structure shows a unique mode of binding of two inhibitor molecules accompanied by major conformational changes in the active site area (Fig. 5B) . Even though the inhibitor binds in the active site, the flap assumed an open conformation, with its tip lifted by as much as 6 Å (Val80) to 9 Å (Ser81), compared to the pepstatin A bound structure (1SME) [51] . Rotation of Trp39 side chain created a large hydrophobic "flap pocket" [15, 71] that is oriented towards the core of the protein. The existence of a similar pocket was noted before in the structure of human renin [72] . The hydrogen bond between the side chains of Trp39 and Tyr75 is disrupted in the structure with the achiral inhibitor and two inhibitor molecules could be unambiguously placed in the active site area. One molecule is deeply buried in the newly formed hydrophobic pocket formed by the side chains of Trp39, Pro41, Val80 Phe109A, Val104, Ile120, and Tyr112 and was proposed to be solely responsible for the high inhibitory activity. The n-pentyl chain of the inhibitor has ideal length and volume to fit optimally in the flap pocket. The second inhibitor molecule makes significantly fewer interactions with the protein molecule and also contacts the loop Ile238-Tyr245 of a neighboring molecule [51] . The tightly bound inner inhibitor molecule occupies the pocket S1′ and parts of the S1, S3 and S5 pockets, whereas the loosely bound outer inhibitor molecule occupies the S2, S4, and S6 pockets, as well as the space filled by the backbone of peptidomimetic inhibitors [51] . The catalytic water molecule is also visible in between the two catalytic aspartic acid side chains.
A comparison of the apoenzyme and complexed structures of PMII shows that the enzyme exhibits significant structural flexibility in order to accommodate bulky groups of the inhibitors in the substratebinding cleft. The hydrophobic flap pocket is unique and is utilized for creating an unconventional binding mode of the inhibitor. Among all the complexed structures, the two loop regions composed of residues Ile238-Tyr245 and Tyr274-Asn285 are observed to be in different conformations.
Inhibitor binding to PMIV
The first crystal structure of P. vivax ortholog of PMIV was solved in 1999 but was analyzed only later [40] . It was followed by the structure of PMIV from P. falciparum which was mentioned only in passing [29] and by the subsequently determined structure of P. malariae ortholog [38] . pfPMIV exhibits 69% overall sequence identity and 68% active site identity with pfPMII [73] . The mode of binding of pepstatin A in the PMIV active site (structure 1LS5) is similar to the one observed in the PMII-pepstatin A complexes, despite the differences between some amino acids located in the binding site pockets. Met73 and Val76 of the flap in PMII are replaced in PMIV by the less bulky Ile73 and Gly76, respectively. Other significant differences include Phe109A, Thr111, Ile287, Leu289 and Phe291 in PMII being substituted by Leu109A, Ile111, Leu287, Val289 and Ile291 in PMIV, respectively. Because of these substitutions, the binding pocket of PMIV is more open compared to its counterpart in PMII. A difference between Plasmodium spp. is the replacement of Tyr189 in pfPMIV by Phe189 in pmPMIV, whereas other important active site residues in the substrate-binding pockets of PMIV from these two species are identical. Crystal structure of pmPMIV complexed with KNI-764 [38] shows an unexpected orientation of the compound in the active site, different from the previous models [74, 75] . Although KNI-764 is a peptidomimetic inhibitor, its chain direction is opposite to the direction of a natural substrate or of any other peptidomimetic inhibitors, such as pepstatin A [39] . Because of the inversion of the orientation of the binding of KNI-764, the P1 allophenylnorstatine group of the inhibitor is bound to the S1′ pocket of the enzyme, and, conversely, the P1´dimethylthioproline group is bound to the S1 pocket (Fig. 6) . The S2 pocket is occupied by the 2-methylbenzoyl group and the S2′ pocket is occupied by the 3-hydroxy-2-methylbenzoyl group. The inhibitor is bound in the active site by several hydrogen bonded interactions which include the hydrogen bonds between the central hydroxyl group of the inhibitor and the two catalytic aspartic acid residues. The allophenylnorstatine moiety makes hydrophobic interactions with Phe189, Ile291 and Ile300. The dimethylthioproline group has hydrophobic contact with the side chains of Tyr75 and Ser77. The 3-hydroxy-2-methylbenzoyl group is making hydrophobic contacts with the side chains of the residues Ile73, Tyr75, Leu128 and Phe189. A water mediated hydrogen bond is present between O 2 of 3-hydroxy-2-methylbenzoyl group and the main chain of Thr74. The 2-methylbenzoyl group is bound between the tip of the flap and the loop composed of residues Met283-Asp292 making hydrophobic contacts with the side chains of Thr218, Thr222 and Val289. Computational studies using this complexed structure (2ANL) proposed a different orientation of the 2-methylbenzoyl group [76] because of flipping of the amide bond between P1′-P2′. A flipped amide bond between P1′-P2′ in KNI-10006 inhibitor was observed in the PMI-KNI-10006 complex structure [44] which is discussed below.
Inhibitor binding to PMI
The first crystal structures of PMI, for the apoenzyme and for a complex KNI-10006, have been determined only very recently [44] . PMI shares overall 73% sequence identity and 84% active site identity with PMII [4] . A comparison of the crystal structure of the PMI-KNI-10006 complex with PMII complexed with pepstatin A (1XDH) shows that there are only four variations among the active site residues which could affect inhibitor binding. The differences between PMII and PMI are limited to the substitution of Thr111, Ser115, Leu289, and Phe291 in the former by Ala111, Gly115, Val289 and Leu291 in the latter, respectively ( Table 3 ). The mode of binding of KNI-10006 in the active site of PMI is similar to the one observed in PMIV-KNI-764 complex structure [38] , with the peptide chain direction opposite to the putative direction of the substrate. As in other similar structures, the hydroxyl group of the allophenylnorstatine moiety of the inhibitor in the PMI-KNI-10006 complex is placed in between the two catalytic aspartates (Fig. 7) . The phenyl moiety of allophenylnorstatine makes hydrophobic contacts with the side chains of Leu291 and Ile300, as well as with Val76 from the flap. The 2,6-dimethylphenyloxymethyl group of the inhibitor is placed in a hydrophobic pocket of the active site, making apolar contacts with Met73, Tyr75, Leu128, Ile130, and Tyr189. The dimethylthioproline moiety of the inhibitor is stacked in a hydrophobic pocket formed by Ile30, Tyr75, Phe109A, and Ile120. The 2-aminoindanol moiety is positioned by forming a hydrogen bond between its hydroxyl group and the main chain NH group of Ser219. It is important to note that the 2-aminoindanol group is also involved in hydrophobic interactions with the side chain of Phe242 from another molecule. Similar hydrophobic interactions were reported in the PMII-EH58 complex [29] .
Inhibitor binding to HAP
P. falciparum HAP is the most divergent vacuolar plasmepsin [2] , with no counterpart in other characterized species of Plasmodium. The mature enzyme exhibits 60% overall sequence identity compared to PMII, but only 39% identity in the active site region [41] . Crystal structures of HAP complexed with pepstatin A, KNI-10006, and KNI-10395 have been determined [15] .
The overall mode of binding of pepstatin A to HAP (3FNT) resembles the mode of binding of this inhibitor that was previously reported in the structures of PMII (1XDH) [39] and PMIV (1LS5) [29] . The inhibitor is bound in an extended conformation, with the statine hydroxyl positioned between Asp215 and His32. However, orientation of the C-terminal half of the inhibitor is distinctly different from that found in complexes with other pepsin-like proteases, including plasmepsins. Instead of wrapping around the flap, as observed with the other enzymes, this part of the molecule is oriented towards loop 287-292, making extensive interactions with the residues comprising this fragment [15] . The flap is closed in the structure of the complex and Lys76, located at its tip, interacts with the inhibitor via hydrophobic contacts with the side chain of the P3′ Sta residue. The ω-amino group of Lys76 is linked via a hydrogen bond to the carbonyl oxygen of Ala at the P2′ subsite. The shift of the C-terminal half of pepstatin A may be due to the presence in HAP of an unusually large residue at the tip of the flap and its resulting interactions. Only two hydrogen bonds between pepstatin A and HAP are clearly identified, fewer than in complexes with other plasmepsins [29] , due to a different orientation of the C-terminal half of the inhibitor, which prevents formation of hydrogen bonds with Ile30  Ile30  Ile30  Leu30  Ile30  Tyr75  Tyr75  Tyr75  Ser75  Tyr75  Phe117  Phe117  Phe117  Val117  Phe117  Phe109A  Phe109A  Leu109A  Phe109A  -Ile120  Ile120  Ile120  Val120  Ile120  Gly217  Gly217  Gly217  Ala217  Gly217  S 2  Thr218  Thr218  Thr218  Thr218  Thr218  Thr222  Thr222  Thr222  Thr222  Thr222  Ile300  Ile300  Ile300  Val300  Ile300  Val289 Leu289 (Fig. 8A) , as well as from other KNI inhibitors bound to various aspartic proteases [15] . The hydroxyl group in the central part of the inhibitor points away from the catalytic residues, in contrast to its orientation in the structures of either HIV-1 PR [77] or PMIV [29] , in which it is positioned between the active site aspartates. The predominant interactions of KNI-10006 are with the flap and this inhibitor does not make any contacts with either the loop 283-292 or with several other hydrophobic residues conserved in plasmepsins and in other pepsin-like enzymes. However, there is striking similarity in the binding mode of KNI-10006 to HAP and the deeply buried molecule of an achiral inhibitor bound to PMII (2BJU) [51] (Fig. 8B ). In the latter structure, two inhibitor molecules are bound to a single PMII molecule, with the second inhibitor molecule oriented in a way that is reminiscent of the binding mode of pepstatin A to HAP. Both the n-pentyl chain of the achiral inhibitor and the 2,6-dimethylphenyloxymethyl (DMP) moiety of KNI-10006 occupy the flap pocket [15] . In the HAP complex with KNI-10006, this pocket is open and the conformation of the flap is similar to its conformation in the apoenzyme. Similar to the previously described flap pocket of PMII, its counterpart in HAP is predominantly hydrophobic (Fig. 8C ). An insertion of Phe109A in HAP and PMII, or Leu109A in PMIV changes the architecture of this pocket compared to other pepsin-like enzymes and makes it even more hydrophobic in plasmepsins. It should be noted, however, that the side chain of Leu112 in pepsin is oriented in such a way that it occupies some of the space taken by the residue 109A in plasmepsins, thus contributing to the interactions with the ligand and partially compensating for the absence of the extra residue in the "flap pocket." Another important residue, located at the entrance to the flap pocket in HAP is Phe111, substituted by threonine in PMII and by leucine in PMIV. These differences between plasmepsins may influence their preferences for specific ligands.
A surprising feature of the recently determined structure of the HAP-KNI-10395 complex is the presence of a domain-swapped dimer and a unique mode of inhibitor binding. The conformation of KNI-10395 is considerably deformed, with the inhibitor chain turning back on itself, thus creating a U-shaped structure. Although the central hydroxyl group of the inhibitor is bound close to the catalytic His32 and Asp215, it is not positioned directly in between these two residues but is hydrogen bonded to the OD2 of Asp215 via water molecule. The inhibitor forms two intramolecular hydrogen bonds. Because of formation of a tight domain-swapped dimer, the flap pocket is filled by the residues from the loop 276′-283′ from the other subunit. The flap is in an open conformation and the side chain of Trp39 is flipped away from the flap pocket, forming a hydrogen bond with Ser35 through Wat377. The NE2 atom of His32 is hydrogen bonded to the main chain carbonyl oxygen of Ile279A′ and to the side chain carboxyl oxygen (OE2) of Glu278A′ through Wat38.
All three currently available structures of the inhibitor complexes of HAP stress the unique nature of this plasmepsin and its differences from the other vacuolar enzymes. The mechanism-based inhibitors of plasmepsins are effective against this enzyme, although its mechanism is likely not the same as for typical pepsin-like proteases. However, the fact that at least same inhibitors retain activity against all vacuolar plasmepsins bodes well for the possibility of creating universal compounds which could inhibit all these enzymes simultaneously.
Structure-assisted development of high affinity plasmepsin inhibitors
Vacuolar plasmepsins have been identified as targets for the development of new antimalarial drugs as these enzymes play a key role in the lifecycle of the Plasmodium parasites [4] . Recent characterization and knockout studies of four vacuolar plasmepsins have indicated that these enzymes have overlapping roles [7] ; thus, the most effective inhibitors should be able to cross-react with all four of them. When designed for a primary target, they should be capable of maintaining their high affinity against other vacuolar plasmepsins by adjusting their conformations. Molecules with such properties have been named "adaptive inhibitors" [73] and their development relies on full understating of the differences among the active sites of plasmepsins. Despite high overall sequence identity between vacuolar plasmepsins (50-79%) [15] , there are some important substitutions in the active sites (Table 3) . Because of the paucity of structural data, most of the initial inhibitor design was done using PMII as a target [73] . A number of potent achiral inhibitors active against PMI, PMII, and PMIV have been developed, but they have not been tested against HAP [78] .
The development of high affinity inhibitors of vacuolar plasmepsins has been aided by detailed analysis of their active sites [73, 79] . It has been proposed that the KNI compounds containing flexible and asymmetric functional groups could adjust well to the different active site environment [41, 73] . Biochemical studies have shown that KNI-10006 inhibits well all four vacuolar plasmepsins [41] . Structural studies of the KNI compounds have also progressed, with the determination of the crystal structure of PMIV-KNI-764 complex [38] . Recent crystal structures of PMI and HAP complexed with KNI-10006 elucidated different modes of binding of the same compound in the active sites of these two enzymes [15, 44] . These crystal structures clearly emphasized the flexibility of KNI-10006, a compound that might serve as a lead molecule to develop high affinity inhibitors for all vacuolar plasmepsins. Based on the crystal structures of HAP-KNI-10006 and PMIV-KNI-764 complexes, several new KNI compounds have already been developed [19] . Among those new compounds, KNI-10743 and KNI-10742 show extremely potent inhibitory activity against PMII, whereas KNI-10740 exhibited the most potent antimalarial activity in the series [19] . From the structural analysis presented in this review, it is likely that KNI-10743 and KNI-10742 should also inhibit PMI, PMIV, and HAP with very high affinity.
Conclusion
Crystal structures of the zymogens, apoenzymes, and inhibited forms of vacuolar plasmepsins have provided extensive information about these closely related enzymes with redundant activity. It has been shown that plasmepsin zymogens differ in the way that they protect the active site from the zymogens of other aspartic proteases. Detailed studies of the inhibitor complexes of plasmepsins, sometimes using the same inhibitor for multiple enzymes, have elucidated both the similarities and the differences between them, helping in the design of either very specific or less specific compounds. Whereas the mode of activity of PMI, PMII, and PMIV is well understood, HAP presents still something of a puzzle and much more work will be needed before its mode of action will be clear. The success of the future development of antimalarial drugs active against these enzymes will depend on better understanding whether it is their inhibition that leads to antiparasitic properties of the inhibitors of aspartic proteases, or whether such inhibitors are active against enzymes other than vacuolar plasmepsins. There is still hope, however, that research on structural properties of vacuolar plasmepsins may lead to practical results.
